In this contribution, we investigate hybrid single vision spectacle lenses (SVSLs) consisting of holographic optical elements (HOEs) embedded into a refractive lens. We evaluate the performance of two examples of hybrid SVSLs in terms of their distributions of spherical error (SPH error), astigmatic error (AST error) and transverse chromatic error (CE) over the lens surface, simulating the optical performance for the patient's rotating eye. We find that, particularly for high prescription values, hybrid SVSLs outperform their purely refractive counterparts in terms of CE with the additional benefit of reducing the lens thickness. As such, we show that hybrid refractive, holographic designs can be a viable alternative to purely refractive SVSLs for high prescription SVSLs.
Introduction
Single vision spectacle lenses (SVSLs) are refractive lenses created to correct refractive errors of the human eye such as myopia, hyperopia and astigmatism by providing the required spherical power (SPH) and/or astigmatic power (AST) [1] [2] [3] [4] [5] [6] depending on the patient's prescription. However, in SVSLs with a high prescription of SPH or AST, dispersion induced transverse chromatic error (CE) can limit the imaging performance to a perceivable degree which may even be disturbing to the patient. Therefore, it is highly desirable to keep CE below a certain threshold over the patient's field of gaze. The only practical way to reduce CE in conventional refractive SVSLs is to switch to a spectacle lens material with a higher Abbe number i.e. less dispersion. However, lens materials (polymers and glass) with a higher Abbe number typically have a lower refractive index [7] . Lenses with low refractive index, in turn, typically need a higher front surface curvature than high index lenses for the same prescription to achieve the same optical performance. This leads to larger edge thickness in negative SPH SVSLs and larger center thickness in positive SPH SVSLs. For the patients, curvature and thickness increases can be highly undesirable for aesthetic reasons when fitting the SVSLs into standard frames and because of weight increases causing discomfort. An achromatic doublet consisting of a negative SPH and a positive SPH lens with adjusted Abbe numbers is also not a viable option for SVSLs with reduced CE due to the large thickness and weight increases associated with using two lenses. Therefore, it is very attractive to find a novel method of reducing CE in SVSLs, particularly for high SPH and/or AST prescriptions, without increasing the lens thickness or compromising the target distributions of SPH and AST.
In this contribution, we investigate how CE reduction can be achieved in hybrid SVSLs consisting of holographic optical elements (HOEs) embedded into a refractive lens. The basic idea for achieving CE correction is to combine a refractive lens with positive dispersion and HOEs that are characterized by negative dispersion for the same sign of SPH. This means that a hybrid SVSL, in which the prescription value of SPH is achieved by contributions from HOEs and the refractive lens, automatically has less dispersion-induced CE than a single refractive lens of the same SPH prescription. Importantly, although CE correction via diffractive-refractive dispersion compensation per se is well known [8] [9] [10] [11] , this concept cannot be straightforwardly applied to SVSLs since they require supporting the desired functionality over a large range of gaze directions at the same time. We demonstrate that this requirement can be met with the use of HOEs. We also show that HOEs can deliver optical functions such as a certain SPH or AST in a holographic film of less than 100 μm thickness. This also results in smaller lens curvatures i.e. flatter and thinner lenses are possible.
The main challenge of using HOEs is in SVSLs is to design them so that their optical function in terms of SPH and AST takes the desired prescription values for all gaze directions of the eye. At the same time, the use of HOEs is inherently connected with additional requirements that need to be fulfilled for the HOE to be of practical use such as high diffraction efficiency or minimal grating dispersion. The main challenge, then, is to find an optimized design that delivers the required prescription values of SPH and AST while fulfilling all the said requirements. For this purpose, we apply a dedicated optimization toolchain based on our previous work that achieves a broadband median HOE diffraction efficiency of 0.88 [12, 13] .
In the following, we first review general SVSL design basics and present exemplary refractive SVSLs that serve as a benchmark for our hybrid SVSL designs. We then investigate hybrid SVSL designs with the same prescription as the benchmark SVSLs and evaluate their performance with respect to each other.
Background
The main goal of SVSL design is to provide the prescription values of SPH and AST, which correct the refractive errors of the eye of the patient. The refractive errors of the eye and therefore the prescription are independent of gaze direction. However, as the eye rotates between different gaze directions, the pupil moves and different parts of the SVSL are used. Therefore, the SVSL needs to correct the refractive errors of the eye for all gaze directions at the same time. From an optics design perspective, this is known as pupil walking [14] since the eye pupil is the system aperture. Figure 1a and b exemplarily show two gaze directions of an eye looking at a SVSL to illustrate this aspect.
In practice, it is not possible for an SVSL to exactly meet the desired prescription values for all gaze directions. Therefore, SVSLs are typically designed so that the desired prescription is met in the center of the lens, which corresponds to the gaze direction of looking straight ahead as depicted in Fig. 1a . For off-centered gaze directions, the requirement to meet the desired prescription is relaxed, however, deviations from the prescription values of SPH and AST (SPH error and AST error, respectively) need to be minimized to ensure the optimal function of the SVSL. In the following, SPH and AST prescriptions are usually given as the reciprocal of the respective back focal lengths in diopters (dpt = 1/m) with reference to the vertex sphere [15, 16] . This means that the curvatures of the lens need to be chosen so that the back focal lengths of the blue ray bundle correspond to the desired prescription. When considering another gaze direction, e.g. looking downwards as shown in Fig. 1b , it can be seen by geometry that the green ray bundle does not see the same prescription as the blue ray bundle. When evaluating SVSL designs, we calculate the actual SPH and AST from the back vertex focal lengths of the ray bundles limited by the pupil for different gaze directions. We assume a pupil diameter of 2 mm for our calculations, which is an appropriate value for vision in bright daylight. In the following, we calculate deviations from the prescribed SPH and AST for a fine sampling of gaze directions and plot the results as SPH error and AST error over the lens surface. The typical goal of refractive SVSL design is to provide the correct prescription value of SPH and AST at least at the optical center of the lens and minimal SPH error and AST error for the rest of the lens. The exact balance of SPH error and AST error is a trade-off and can be tailored to the patient's or prescribing optometrist's preferences.
Our main motivation here is to investigate benefits of hybrid SVSLs in terms of CE compensation. In literature, CE of refractive SVSLs is usually calculated using an approximate formula based on the Abbe number of the lens material [17] . The relevant human perception threshold for CE derived with this formula is reported as 0.12 cm/m [17] . In practice, this means that an observer would see 0.24 cm thick color fringes around the edges of a black object placed on a white screen in 2 m distance. In our process, we then define an alternative definition of CE to cover holographic and hybrid SVSLs as well since they cannot be described solely by an Abbe number and the approximate formula is not applicable. Instead, we calculate the CE of SVSLs as the distance between red and blue rays at 620 nm and 430 nm wavelength in the pupil of the eye, respectively. Because we are interested in the relative improvements of hybrid SVSLs over refractive SVSLs of the same prescription, we normalize the CE results to the performance of a refractive SVSL at the given prescription that we calculate before.
To establish an understanding of the performance and limits of refractive SVSLs, we designed several sample SVSLs for the prescription of − 4 dpt SPH and 0 dpt AST with a lens diameter of 60 mm, which exhibit color fringes up to 0.29 cm/m or a normalized CE of unity on the lens edge. The perception threshold of 0.12 cm/m color fringes then corresponds to a normalized CE of 0.4. All SVSLs are made from a standard SVSL polymer with refractive index 1.59 and Abbe number 41.11. First, we consider a spherical lens as used in tabletop optics. Optimizing the radii of the spherical lens to achieve the required prescription at the lens center (X = 0 mm, Y = 0 mm) yields the distributions of SPH error, AST error and normalized CE shown in Fig. 2a-c . While the prescription value is achieved in the lens center, SPH error and AST error, increase towards the edge of the lens. This is expected for geometrical arguments for oblique gazes discussed earlier for Fig. 1b . CE is also increasing towards the edge of the lens since the oblique gaze hits lens areas with increasing prismatic effect, according to Prentice's rule [8] . This prismatic effect directly causes CE. The maximal CE value is 1 due to our normalization. We note that, in practice, such a spherical lens is not recommended as its SPH error and AST error can be further reduced by using an asphere (ASPH).
In a next step, we designed a state-of-the-art SVSL with one spherical and one aspherical surface. The ASPH can be optimized to reduce SPH error or AST error. Typically, the balance between SPH error and AST error is a compromise based on the individual needs of the patient. Figure 2d -f and Fig. 2g -i present SVSL designs in which an ASPH was used to reduce AST error (d)-(f ) and SPH error (g-i), respectively. Both SVSLs have almost identical CE since ASPHs are known to have minimal influence on CE. This, however, also means that ASPHs cannot be used to achieve CE corrected performance. The SVSLs in Fig. 2 will be used as benchmark SVSLs later to evaluate holographic or hybrid SVSLs optimized for the same prescription.
Methods
In this section, we discuss the challenges of including HOEs in SVSLs and present our design method for holographic and hybrid SVSLs. First, we want to discuss the challenges of using diffractive optics such as HOEs in SVSLs. Since grating dispersion in HOEs is much higher [8, 18, 19] than in refractive SVSLs of comparable SPH, it is necessary to pre-compensate for a certain amount of dispersion to limit CE. We achieve this by using two HOEs in a tandem configuration as described in [12, 13] . A further challenge is diffraction efficiency: On the one hand, the HOE needs to operate with high diffraction efficiency in a single diffraction order over the entire visible spectrum of light. On the other hand, a certain angular bandwidth needs to be supported with high diffraction efficiency to account for the continuous motion of the eye. In our optimization tool chain [8, 9] , we use rigorous HOE simulations based on the Fourier Modal Method [20, 21] to identify a HOE parameter range, in which high diffraction efficiency over a large angular and wavelength bandwidth is achieved simultaneously. We then use these results as input to a raytracing based optical design tool chain to tailor the free HOE parameters and to achieve the desired prescription values in terms of SPH and AST for all gaze directions of the eye. Effectively, we represent each gaze direction as an optical system configuration with its own optical axis and then optimize the HOE parameters of all configurations simultaneously to provide a continuous distribution of grating periods and slant angles over the lens surface. The minimum SPH error, AST error, CE, the lens thickness as well as the optimum HOE parameter range for the grating period are used as merit functions for the optimization process.
Results and discussion
In this section, we compare the performance of refractive, holographic and hybrid SVSL designs. We investigate a purely holographic SVSL consisting of two HOEs embedded into a flat polymer sheet without curvature to establish an understanding on how the performance of the HOE differs from the refractive SVSLs introduced in Fig. 2 . Afterwards, we investigate the performance of a hybrid system consisting of HOEs and a spherical lens to find SVSL designs with minimal CE. Finally, we investigate SVSLs consisting of HOEs and an aspherical lens with an ASPH on one surface (see Fig. 3 ). Our goal is to achieve new and better trade-offs between SPH error, AST error, CE and lens thickness, which are only accessible using the degrees of freedom provided by the HOEs. To allow easy comparison between color plots, most Trapp et 
SVSLs presented here are SVSLs designed for a target prescription of − 4 dpt SPH and 0 dpt AST. We chose this prescription as it allows investigating relevant levels of AST error and CE. However, our findings are applicable to all types of SVSLs. To illustrate this, we also discuss a SVSL with target prescription of − 8 dpt SPH and 0 dpt AST. To establish an understanding on how the performance of purely holographic SVSLs differs from refractive ones, we design SVSLs consisting of two HOEs embedded into a flat sheet of a standard SVSL polymer with refractive index 1.59 and Abbe number 41.11 without curvature. These SVSLs are purely holographic SVSLs, since the contribution of the polymer sheets to the SPH and AST distribution of the SVSL is negligible. We optimize such a SVSL for a prescription of − 4 dpt SPH and 0 dpt AST to allow direct comparison with the refractive SVSLs shown in Fig. 2 . The resulting distributions of SPH error, AST error and CE are shown in Fig. 4a-c . SPH error and AST error are plotted in the same color scale as in Fig. 2 . We find that the SPH error of the holographic SVSL is qualitatively very similar to the one of the refractive SVSL shown in Fig. 2d . The maximum AST error, however, is up to 1 dpt in the holographic SVSL as compared to up to 0.02 dpt in the refractive SVSL. This increase in AST error can be attributed to our HOEs being not rotationally symmetric, which is a result of the deflection angle between the two HOEs used in tandem [12, 13] . CE is plotted in a different scaling in Fig. 4c , because the CE shown here exceeds the CE of all refractive SVSLs by far. Notably, higher CE is to be expected since dispersion in HOEs is much more pronounced than in refractive lenses [22] , which means that for a fixed SPH prescription a holographic lens such as the HOEs is expected to induce considerably more CE than their refractive counterparts. While the holographic SVSL shown here clearly is not an attractive design, it helps our understanding of the optical design problem. Using the insights we gained from analyzing the holographic SVSL, we now design hybrid SVSLs. Designing hybrid SVSLs consisting of HOEs and refractive lenses requires extending our design method to include the lens geometry and material. The lens geometry is implemented via the center thickness, front and back radius and can include the coefficients of an ASPH placed on one of the refractive (front or back) surfaces. Figure 3 shows a sample geometry of a SVSL consisting of a lens with center thickness D, front radius R1 and back radius R2, two HOEs embedded into the lens and an ASPH located on the backside of the lens. SVSLs like the one shown in Fig. 3 are hybrid SVSLs with refractive and holographic contributions to the overall optical function of SPH and AST. As known from technical optics, holographic and refractive contributions to SPH cause CE of opposite sign. This allows the design of CE-compensated optical systems.
First, we design hybrid SVSLs consisting of two HOEs embedded into a spherical lens. This means that different to the purely holographic SVSL discussed in the previous paragraph we now design a hybrid SVSL in which the holographic (HOE) and refractive (spherical lens) contributions of CE can compensate each other. The SPH error, AST error and CE of a sample design of such a hybrid SVSL with the same prescription of − 4 dpt SPH and 0 dpt AST as the previous refractive SVSLs (Fig. 2) are shown in Fig. 4 (d)-(f ) . The performance of the hybrid SVSL is a combination between the performance of the holographic SVSL shown in Fig. 4a-c and the refractive SVSL shown in Fig. 2 (a)-(c) . CE compensation in such hybrid SVSLs is typically achieved for large refractive and small holographic contributions to the overall SPH e.g. a 90:10 ratio. In our case, the final value is determined by an optical design optimization method, which also minimizes the AST error. As discussed earlier, the holographic contributions to SPH come with a higher AST error than the refractive ones. Therefore, our result is a compromise between introducing holographic SPH contributions for CE compensation while minimizing holographic SPH contributions to keep AST error low. Here, we reduced CE below the perception threshold of 0.4. Since the SPH error is similar for the refractive and the hybrid SVSL, no changes are observed here.
The best SVSLs achievable with our design method are SVSLs consisting of HOEs and an aspherical lens with an ASPH, here on the backside. This is because the previous results have shown that ASPHs are the most potent way of reducing the SPH error and AST error distribution of SVSLs, while the CE induced by HOEs can cancel the CE induced by refractive components [8] . Therefore, we combine the two approaches. In the following, we investigate SVSLs consisting of HOEs embedded into aspherical lenses and evaluate their performance in terms of SPH error, AST error, CE and edge thickness. We design a SVSL with a prescription of − 4 dpt and 0 dpt AST. Our goal is to design a SVSL with a similar performance in terms of SPH error and AST error as the purely refractive benchmark SVSL introduced in Fig. 2d -f along with lower CE and smaller edge thickness. We optimize a SVSL with an aspherical lens made of a standard SVSL polymer with refractive index of 1.59, two HOEs embedded into the lens and the ASPH placed on the backside of the lens. The resulting distributions of SPH error, AST error and CE are shown in Fig. 4g -i. Our sample design has a SPH error distribution comparable to the benchmark SVSL in Fig. 2d-f and a slight increase of maximum AST error to about 0.15 dpt, which is close the lowest tolerance of 0.09 dpt for spectacle lenses [23] . Its CE, however, is lower by a factor of more than 2.5 and the edge thickness is reduced from 4.5 mm to 3.8 mm. It should be noted that in this example CE is not only reduced, but also negative. This is because if one aims to minimize the edge thickness of a negative SPH SVSL it is desirable to reduce the curvatures of the two lens surfaces. This can be done by increasing the amount of SPH contributed by the HOEs. The consequence is that CE is negative and AST is higher, because the larger the contribution of the HOEs the higher the resulting AST.
In a final step, we evaluate the benefits of our design method for SVSLs with a prescription of − 8 dpt SPH and 0 dpt AST as the practical relevance of CE compensation Fig. 4 Performance of a holographic SVSL consisting of two HOEs embedded into a flat polymer sheet. The target prescription is − 4 dpt SPH and 0 dpt AST. SPH error (a), AST error (b) and CE (c) are plotted over the lens surface with 60 mm diameter. This purely holographic SVSLs exhibit larger AST error and larger CE of opposite sign than the refractive SVSLs introduced in Fig. 2 . The performance of a hybrid SVSL consisting of two HOEs embedded into a spherical lens for the same target prescription is shown in parts d-f. Here, the contributions of the HOEs lead to slightly increased AST and strongly reduced CE compared to the refractive SVSLs introduced in Fig. 2 . Parts g-i show the performance of a hybrid SVSL consisting of two HOEs embedded into an aspherical lens with an ASPH on the backside for the same prescription Fig. 5a -c. CE is normalized as in the previous figures, so a CE of 0.4 corresponds to the perception threshold and a CE of 1 corresponds to the CE of a − 4 dpt SPH refractive SVSL as shown in Fig. 2 . Maximum CE is about 2.5 here and it is known from practice that the -8 dpt SPH and 0 AST prescription SVSL exhibits color fringes, which are problematic for many patients. We now design a hybrid SVSL with − 8 dpt SPH in which mainly the CE is reduced without increasing the edge thickness and without increasing SPH and AST error notably above the lowest spectacle lens tolerance standard [14] . The distribution of SPH error, AST error and CE for our hybrid SVSL design are shown in Fig. 5d -f. We find that SPH error and AST error distributions are comparable to the benchmark SVSL shown in Fig. 5a -c while CE is significantly reduced by 60%. As a result, the CE of the hybrid − 8 dpt SVSL is approximately at the same level of the refractive SVSL with − 4 dpt SPH prescription. In addition, the edge thickness of the hybrid − 8 dpt SVSL is reduced by 0.2 mm to 5.5 mm. It should be noted that we chose a front curvature of 700 mm for the hybrid SVSL, while is essentially flat. This means that even at high prescriptions, fabrication techniques that require flat HOEs are compatible with our approach.
Conclusion
We have designed hybrid refractive, holographic SVSLs with − 4 and − 8 dpt SPH with strongly reduced CE. For this purpose, we embedded two HOEs in tandem configuration in an aspherical refractive lens and optimized the design to provide minimum CE with negligible SPH error or AST error. We found that for the − 4 dpt hybrid SVSL design the CE can be reduced below the perception threshold while at the same time reducing the lens thickness by 16%, without compromising the desired distributions of SPH error and AST error. For the − 8 dpt hybrid SVSL we achieved a CE reduction of around 60% while reducing the lens thickness by approximately 4%.
Our findings show that by using a combined holographic, refractive lens design approach, particularly for high prescription SVSLs, it is possible to significantly reduce color fringes and, therefore, alleviate disturbances Fig. 5 Performance of a state of the art SVSL with an ASPH with a diameter of 60 mm. The target prescription is − 8 dpt SPH and 0 dpt AST. SPH error (a), AST error (b) and CE (c) are plotted over the lens surface. CE normalization is the same as for the − 4 dpt SPH refractive SVSLs in Fig. 2.  d-f shows the results for a hybrid SVSL with the same prescription of − 8 dpt SPH and 0 dpt AST, which also includes an ASPH. SPH error (d), AST error (e) and CE (f) are plotted over the lens surface. At an AST error of about 0.1 dpt, which is negligible for such a SVSL, we minimize CE below the level of the − 4 dpt refractive SVSLs of a patient's vision with high prescription SVSLs. Furthermore, due to the reduction of the lens thickness, the resulting SVSLs are highly desirable since the reduced weight also reduces discomfort for the patient. Both examples clearly show that our design approach allows finding new and desirable SVSL designs with a significantly improved performance and wearability. Manufacturing our hybrid SVSL designs requires advanced manufacturing techniques such as holographic printers [24] [25] [26] that are capable of creating arbitrary HOE configurations. Recent improvements in holographic materials suggest that our simulated diffraction efficiencies can be realized experimentally [27, 28] .
